Acute SIVmac infection in macaques is accompanied by high levels of plasma viremia that decline with the appearance of viral immunity and is a model for acute HIV disease in man. Despite specific immune responses, the virus establishes a chronic, persistent infection. The destruction of CD4+ and CD4− lymphocyte subsets in macaques contributes to viral persistence and suggests the importance of mechanisms for depleting both infected and uninfected (bystander) cells. Bystander cell killing can occur when FasL binds the Fas receptor on activated lymphocytes, which include T and B cell subpopulations that are responding to the infection. Destruction of specific immune cells could be an important mechanism for blunting viral immunity and establishing persistent infection with chronic disease. We inhibited the Fas pathway in vivo with a monoclonal antibody against FasL (RNOK203). Here we show that treatment with anti-FasL reduced cell death in circulating T and B cells, increased CTL and antibody responses to viral proteins, and lowered the setpoint viremia. By blocking FasL during only the first few weeks after infection, we attenuated SIVmac disease and increased the life span for infected and treated macaques.
INTRODUCTION
In 1991, Amiesen and Capron proposed that inappropriate induction of activation-induced cell death (AICD) was a major mechanism for depleting CD4+ T cells during HIV disease [1] and they demonstrated apoptosis in PBMC from HIV-infected individuals [2] . A molecular mechanism for AICD was demonstrated in 1995, involving FasL (known then as APO-1) binding to its receptor [3] , and FasL-mediated apoptosis was elevated in PBMC from HIVinfected individuals [4] .
Activation-induced cell death (AICD) is a feature of normal physiology and can be demonstrated in vitro. T cells that are stimulated by ligating their T cell receptor (TCR) and then restimulated a few days later, will die by apoptosis [5] . When AICD affects mature, circulating T cells, it is termed peripheral deletion and this mechanism can extinguish the response to a particular antigen by deleting all lymphocyte clones with that receptor specificity. Peripheral deletion often occurs after exposure to superantigens, where we observe the loss of specific V-beta T cell subpopulations.
Many viruses and bacteria exploit lymphocyte depletion mechanisms in order to establish persistent infections. By eliminating pathogen-specific immunity, microbes can avoid detection and elimination. A classic example is lymphocytic choriomeningitis virus infection in mice. Some strains of LCMV are acutely lethal, and the CTL response is a major part of the immune pathology. Nonlethal, persisting strains of LCMV trigger the deletion of virus-specific CTL, thus reducing pathology and allowing for chronic infection [6, 7] . We believe that HIV is similar, in that infection promotes a mechanism for deleting antiviral immune cells. In HIV disease, immune depletion is not limited to antiviral responses and eventually spreads to disrupt immunity against a number of intercurrent pathogens. The result increased susceptibility to opportunistic infections that become major factors in disease and death.
Viral proteins have been implicated in the regulation of T cell activation and Fas-mediated killing. Both the HIV-1 Tat and Env proteins can activate cells and induce Fas-mediated killing [8, 9] . Tat protein activates the Fas ligand promoter [10] , and soluble Tat causes production of FasL and another death ligand (TRAIL) in monocyte/macrophages or dendritic cells [11] [12] [13] . Chemically-inactivated virions trigger both T cell activation and apoptosis [14] . Env glycoprotein alone upregulates FasL [15] , although it is controversial whether this occurs with monomeric gp120 or needs CD4 crosslinking. Direct binding to CCR5 also induced FasL [16] . HIV disease is characterized by extensive lymphocyte activation with elevated expression of Fas receptor (CD95) on a majority of circulating T cells. These activated cells are killed when FasL binds [4, 17] . FasL itself is upregulated during HIV infection [18, 19] and is especially high on antigenpresenting cells [20, 21] where it is poised to kill CD4+ T cells during their initial encounter with antigen.
Apoptosis was evident in lymph nodes from macaques acutely infected with SIV and the proportion of apoptotic cells was highest for rapid progressors [22] and we showed that macaques with pre-existing, high levels of FasLmediated cytotoxicity for human B lymphoblastoid cell line (B-LCL) targets, became rapid progressors after SIVmac infection [23] . In the present study, we tested the hypothesis that FasL-mediated cell death is important for SIV disease in macaques, by injecting a monoclonal antibody that neutralizes FasL [24] during the interval of acute infection.
RESULTS
The FasL-specific, recombinant monoclonal antibody RNOK203 [24] inhibited MHC-unrestricted cytotoxicity in vitro (Figure 1(a) ) and MHC-unrestricted cytotoxicity was correlated with the levels of cell surface FasL on PBMC from virus-naïve macaques (Figure 1(b) ). Pilot studies with anti-FasL at 4 mg/kg showed no noticeable impact on T or B cell counts in healthy monkeys (not shown). Injection of RNOK203 into a control (uninfected) macaque caused a transient decrease in MHC unrestricted cytolysis of human B-LCL targets (Table 1) , with cytotoxicity returning to normal a few weeks after antibody treatment, compared to stable levels of B-LCL cytolysis in one macaque treated with a control IgG and one untreated animal.
We screened rhesus macaques and selected eight animals (from a total of 19) with both high levels of FasL-mediated, MHC-unrestricted cytotoxicity, and elevated FasL expression on PBMC. Based on the potency of RNOK203 for blocking FasL-mediated cytotoxicity in vitro, we determined that 4 mg/kg body weight was an appropriate single dose for juvenile macaques. Selected animals received either anti-FasL or human IgG1 (isotype control). All animals received five intravenous injections of antibody in saline at 1 week before, the time of, then 1, 2, and 3 weeks after SIV inoculation. Each animal was inoculated by intravenous injection, with 40 minimal animal infectious doses of SIVmac239 [25] ; the time of virus inoculation was defined as week 0. We confirmed the impact of anti-FasL in vivo, by a reduction in the frequency of dying lymphocytes in blood. Assays for both MHC Class I-restricted CTL activity against the SIV p27 Gag and virus-binding serum antibodies characterized the impact of RNOK203 on viral immunity. We measured acute and setpoint plasma viremia to characterize the course of infection; survival time was also measured. The frequency of circulating lymphocytes that incorporate 7-amino actinomycin D was reduced by treatment with anti-FasL for CD4-positive (Figure 2(a) ) and CD8-positive T cells (Figure 2(b) ), and for B cells (Figure 2(c) ). Control macaques showed a sharp increase in the frequency of dying T and B cells within 1 week after infection; these values increased to peak levels of around 25% for CD4+ T cells, 30% for CD8+ T cell, and 40% for CD20+ B cells. Anti-FasLtreated animals had only baseline levels of dying cells until around 6-8 weeks after SIV infection. Similar results were obtained with monoclonal antibodies against Annexin V, a marker for lymphocyte apoptosis (not shown). By 8 weeks after SIVmac infection (Table 2) , the IgG-treated (control) animals had a 49% + 8% of starting CD4 cell counts, compared to an 87% + 36% of starting CD4 T cells in the anti-FasLtreated group (P =.03 by t test). Similar effects were noted for CD20+ B cells where control animals had 43% ± 16% compared to the anti-FasL-treated group which had 116% ± 74% of starting B cell counts (P =.03). At 8 weeks, there were no significant differences in the CD8+ T cell counts among control and anti-FasL-treated groups.
Lower cell death levels persisted until around 40 weeks after infection. Acute viremia was similar among treated and control groups, but RNOK203 lowered the set-point vRNA levels (from the limit of detection at 10 3 to 6 × 10 6 copies per ml), compared to the range of 3 × 10 6 to 4 × 10 7 copies per mL for controls. Thus, the reduced lymphocyte cell death seen before 40 weeks was associated with lower vRNA, although some treated animals had viremia in the range of controls.
CTL to p27 Gag protein and virus-binding serum antibodies were measured in treated and control macaques ( Figure 3 ). With effector to target cell ratios of 50, we observed specific lysis of around 40% for anti-FasL-treated and 33% for control macaques by 5 weeks after SIV infection , blocked MHC-unrestricted cytolysis in vitro using rhesus or human PBMC as effectors and human or rhesus B-LCL targets that expressed SIV envelope glycoprotein (transfected with pCDNA3/SIVenv). The four-hour chromiumrelease assay was done in the presence of 1 mM EGTA and varying amounts of anti-FasL at an E : T ratio of 50 : 1 as described [23] . Specific lysis was blocked completely at 20 μg/mL of monoclonal antibody (shown) and not with a similar concentration of isotype control antibody (not shown). When no effector cells were added (No E), there was no specific lysis showing that 20 μg/mL anti-FasL does not induce cell death on its own. These experiments were done 3 times with rhesus PBMC, 3 times with human PBMC, and 2-3 times cross species with the same results. The error bars represent the variation in 3 different experiments using rhesus cells. (Panel B) MHC-unrestricted cytolytic activity correlated with the mean fluorescence intensity (MFI) of cell surface FasL on circulating PBMC. PBMC specimensfrom rhesus macaques were screened by the MHC-unrestricted cytolysis assay as described [23] . Results from 10 rhesus macaques are shown here. Macaques were divided into high (≥15% specific lysis) and low (<10% specific lysis) groups, and stained with the anti-FasL antibody in an indirect immunofluorescence assay. The individual points, mean values, and standard deviations are shown for animals classified as having low or high cytolytic activity. Macaques with high levels of MHC-unrestricted cytolytic activity and correspondingly high levels of cell surface FasL were selected for this study. ( Figure 3(a) ). These modest differences were statistically significant at weeks 15 and 45 (P < .05); death of control animals precluded statistical comparisons after 45 weeks. By 24 weeks after SIV infection, all treated animals had virus-binding antibody titers ≥100,000, compared to 1 of 4 animals in the control group (Figure 3(b) ). Overall, there was a modest effect of anti-FasL on virus-specific CTL activity, but a pronounced effect on virus-binding antibodies.
Increased viral immunity and lower set-point vRNA levels argue that disease was attenuated after the brief treatment with RNOK203. The fraction of surviving animals ( Figure 4 ) showed a significant difference between anti-FasL-treated animals and control groups. The control group behaved as expected for intravenous SIVmac239 in rhesus macaques [28] ; half were dead by 42 weeks and all succumbed by 52 weeks. None of the anti-FasL-treated animals were dead before 60 weeks and the last survivors remained until 102 weeks. The two animals surviving the longest had the lowest set-point viremia, implying that the impact of RNOK203 on virus replication was linked with disease progression and survival.
DISCUSSION
Some aspects of AIDS pathogenesis remain unsettled. Two recent papers highlighted the conflict between models focusing solely on viral replication as the cause for memory T cell depletion and disease [29] and models that incorporate both virus replication and bystander cell killing [30] . It is important to remember that virally infected cells are resistant to death signals delivered by FasL or TNF-related apoptosisinducing ligand (TRAIL) [13, [31] [32] [33] [34] ; these soluble death ligands are induced during virus infection and would promote the depletion of uninfected cells to effectively increase Table 2 . Panel D shows the plasma SIVmac vRNA levels for each animal determined by b-DNA assays (conducted by Bayer Diagnostics, Emeryville, CA). The two animals with lowest set-point RNA were also the two that survived longest ( Figure 4 ). Open symbols represent control animals and closed symbols represent macaques treated with anti-FasL. The limit of detection for this assay was 10 3 vRNA copies per mL of plasma.
the proportion of infected cells. Thus, observed increases in the relative abundance of infected cells may not be explained solely by virus dissemination. Bystander cell killing via FasL is likely triggered by high viremia during acute infection, but numerous examples argue that virus replication alone is insufficient for disease. Several macaque species maintain high levels of SIV replication without evident disease [35, 36] . There are indications in these models that reduced lymphocyte apoptosis in vivo and resistance to activation-induced cell death in vitro can lessen bystander cell killing and prevent disease [37, 38] . SIV-infected cells upregulate FasL and can thereby mediate the destruction of virus-specific cytotoxic T cells [34] . At the same time, SIV-infected cells avoid apoptosis by upregulating Bcl-2 [33] . These events explain how high FasL-mediated bystander killing could also lead to high virus loads. The loss of uninfected cells not only depletes T and B cells responding to viral antigens, but also impacts gamma/delta [39] and NK T cell [40] populations that comprise critical innate responses to viral infection and disease. The latter subsets are not usually infected by HIV-1 and are likely depleted by an indirect mechanism, consistent with FasL-mediated death of activated cells.
Mechanisms by which FasL kills activated T and B cells have been described [41, 42] , and it is known that this killing can be blocked by FasL antagonists [43, 44] . Activation increases the expression of Fas receptor on T and B cells [3] and even resting cells can be killed by high levels of FasL [45] . 51 Cr-release assay [26] . Targets were syngeneic B-LCL (different lines for each animal) that were either uninfected or infected with VVgag as described [26] . Percent specific lysis at the 50:1 effector to target ratio was plotted. The mean and standard errors of the mean (SEM) are shown for four animals treated with anti-FasL (shaded bars) or four control macaques (solid bars) at the times indicated. The values for CTL activity were consistently higher among macaques treated with anti-FasL compared with controls, but the differences were not significant at 30 weeks after infection. Virus binding titers (Panel B) were measured by ELISA using plates coated with p27 Gag antigen as described [27] . Sera from weeks 12 (shaded bars) or 24 (solid bars) were diluted with normal saline, up to a maximum dilution of 1:100,000. We have considered the simplest role for anti-FasL as an inhibitor of T and B cell death, and we documented increases in T and B cell subsets that are consistent with that role. Our model is that anti-FasL is blocking FasL on cell surfaces or on released vesicles and preventing the destruction of effector T and B cells. The surviving effectors eventually destroy virusinfected cells and limit virus spread and disease. However, more complex indirect mechanisms could account for our results. For example, FasL treatment of B cells causes both cell death and down-modulation of IgM production by different pathways [46] . Also, cytotoxic CD4 cells can destroy B cells in a Fas/FasL-dependent manner, but only if the B cells were CD40L-activated and not if they were activated through the antigen receptor [47] . Thus, anti-FasL could also be enhancing effector functions that are indirectly responsible for decreases in viral load or increases in B and T cells. Antiretroviral therapy during acute infection can modulate the long-term consequences of SIV infection [48, 49] , including a reduction in lymphocyte apoptosis [50] . In this intervention study, peak acute viremia was not affected by antiFasL treatment arguing that virus replication was not the critical factor for disease. An early and transient inhibition of FasL allowed for increased viral immunity, lower viremia in some of the treated animals, and longer survival after SIV infection. In human beings, antiretroviral therapy during acute HIV infection [51] was associated with increased viral immunity but the effect was not durable [52] . With expanding efforts to identify persons with acute HIV infection through population screening [53] and the need to treat children acutely infected through vertical transmission, important opportunities may emerge for combining antiretroviral drugs with modulators of cell killing to reduce disease and prolong the interval for AIDS-free survival.
METHODS

Animal infections and sampling intervals
Eight rhesus macaques housed at the Wisconsin Regional Primate Research Center, 3-4 years of age, retrovirus free, and foamy-virus free, were selected because they had high MHCunrestricted lytic activity [23] . Baseline values for lymphocyte subsets, activation markers, and FasL were determined over 3 months, then animals were infected with 40 TCID50 of SIVmac239 as described [28] . Animals were confirmed positive for infection by two independent virus isolation assays and tests for SIV viremia. Venous blood samples were collected weekly from 4 weeks before infection to 5 weeks after infection, then at weeks 7, 10, 12, and 15 after infection, and then approximately every four weeks until euthanasia. The percentage of dying cells in CD4+, CD8+,and CD20+ lymphocyte subsets, plasma vRNA levels, MHC Class I-restricted cytotoxicity, and virus binding antibody titers were determined among other standard characterizations and daily observations. Macaques were euthanized when, in the opinion of the attending veterinarian, they had entered a terminal disease state and euthanasia was required to alleviate unnecessary suffering. The research protocol was approved by the Institutional Animal Care and Use Committee of the University of Wisconsin Graduate School.
Virus stocks and cell lines
The stock of SIVmac239 was stored at -130
• C at 400 TCID50/ml as the third passage of a stock originally obtained from Dr. Ron Desrosiers [54] . Recombinant vaccinia viruses (gift from Therion Biologics, Cambridge, MA) were derived from the NYCBH vaccinia strain and contained either no insert or genes from SIVmac251.
Human B-lymphoblast cell lines (B-LCL) were produced by transformation of human PBMC with human Epstein Barr virus (EBV) B95-8 cell supernatant kindly provided by Dr. W. Sugden. B-LCL were maintained in RPMI-1640 (Gibco, Gaithersburg, MD) supplemented with L-glutamine (2 nM), penicillin (50 U/ml), streptomycin (50 U/ml), and 10% fetal calf serum (Harlan Sprague Dawley, Madison, WI), then diluted into wells of 24-well plates and cryopreserved as B-LCL. Rhesus macaque B-LCL were obtained by transforming rhesus PBMC with Herpes papio from S594 cell supernatants kindly supplied by N. Letvin, and were stored as viable, frozen cells.
Antibodies and animal treatments
The monoclonal antibody to surface FasL was RNOK203 [55] . The isotype control antibody was human IgG1 (Sigma #I-3889) purified by binding to Protein G agarose beads (Sigma) and eluting in 100 mM glycine HCL (pH 2.7). The concentrated antibody solution was dialyzed against PBS, then stored in buffer at 5 mg/ml. Antibody infusions were 4 mg/kg or for a 3 kg animal, about 12 mg in 2.4 mL for each inoculation. Macaques A, B, C, and D were given anti-FasL and macaques E, F, G, and H were given the control IgG.
Levels of endotoxin in anti-FasL and control IgG antibodies were less than 13 EndotoxinUnits/mL (approximately 2.5 ng/mL determined by an E-toxate kit (Sigma)) and were similar to levels in normal monkey plasma. To insure the safety of antibody infusions, each procedure was preceded by a skin test: 0.2 mL of a 1/1000 dilution of the antibody was inoculated subcutaneously and observed for 10 minutes. This was negative for all animals. As an additional precaution, all antibody infusions were accompanied by injections with antihistamine (Benadril) at 5 mg/kg. Macaques were infused with anti-FasL or the control antibody at 1 week before, the time of, then 1, 2, and 3 weeks after SIV inoculation for a cumulative antibody dose of 20 mg/kg over a period of 5 weeks.
Cytolysis and antibody assays
To measure MHC-unrestricted cytolytic activity, human or monkey effector cells were incubated with chromium-51 (51Cr)-labeled human B-LCL as described [23] . To measure SIV-specific cell-mediated immunity, effectors were macaque PBMC and targets were syngeneic B-LCL (different lines for each animal) that were either uninfected or infected with VVgag as described [26] , then labeled with 51 Cr. Effector PBMC were isolated from the whole blood of uninfected or SIV-infected rhesus monkeys by Ficoll-Hypaque density gradient centrifugation, stimulated in vitro with 5 μg/ml concanavalin A (Sigma, St. Louis, MO) for 3 days followed by culture in 20 U/ml recombinant human interleukin-2 for an additional 4 days. Standard 4-hour chromium-release assays were performed in triplicate in 96-well U-bottom microtiter plates (Costar, Cambridge, MA) as described previously [23] . To determine MHC-unrestricted lysis, assays were done in the presence of 1 mM EGTA to exclude xenolysis. Percent specific lysis was determined with the following formula: 100 X (experimental release -spontaneous release)/(maximum release-spontaneous release). Maximum release was determined by the lysis of targets in 1% Triton X-100. Spontaneous release was determined by the lysis of targets in medium without effectors, which was consistently less than 20% of specific lysis.
Virus-binding titers were measured by ELISA using plates coated with p27 Gag antigen as described [27] . Sera from weeks 12 (shaded bars) or 24 (solid bars) were diluted with normal saline, up to a maximum dilution of 1 : 100, 000. Antibodies bound to p27 Gag protein were detected with secondary antibodies linked to horse radish peroxidase.
Flow cytometry for subset identification
and for apoptosis CD4+, CD8+, and CD20+ lymphocyte subsets in PBMC were identified by flow cytometry. 5 × 10 5 PBMC were fixed with 1% paraformaldehyde and stained with 5 ul FITC or PEconjugated monoclonal antibody against CD4 or CD8 (Antigenix America, Franklin Square, NY), or 10 ul FITC or PEconjugated anti-CD20 (Becton-Dickinson, Mountain View, CA). Relevant isotype controls were included. Samples were analyzed on a FACScan flow cytometer (Becton-Dickinson), and data were processed using Becton-Dickinson Cell Quest software.
Fixed PBMC that had been already stained with PE-CD20, PE-CD4, or PE-CD8 were also stained for surface FasL using purified antibody against FasL (NOK2) [21] followed by FITC-conjugated goat-anti-mouse IgG. Labeled isotype control (IgG2a) was included. PBMC were labeled for surface markers and then incubated for 20 minutes at 4
• C in PBS that contained 20 ug/mL of 7-AAD (Sigma, St. Louis MO). 7-AAD staining was chosen because it is an early indication of cell death that does not interfere with other lymphocyte markers and allows exclusion of cell debris [56] . Samples were washed in PBS + 2% FBS containing 20 ug/mL of nonfluorescent actinomycin D (AD, Sigma) and fixed in the same buffer containing 1% paraformaldehyde. Samples were analyzed 15 minutes later (10,000 events per sample) using the FL-3 channel to detect 7-AAD staining.
Virus burden assays
Virus RNA loads were determined by SIVmac RNA b-DNA assays conducted by Bayer Diagnostics (Emeryville, CA) and reported as copies of SIVmac RNA per mL of EDTA plasma.
